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Abstract
An ozone climatology based on ozone soundings for the last 15 years has been con-
structed for model evaluation and comparisons to other observations. Vertical ozone
profiles for 41 stations around the globe have been compiled and averaged for the
years 1980–1994 and 1995–2009. The climatology provides information about the me-5
dian and the width of the ozone probability distribution function, as well as interannual
variability of ozone between 1995 and 2009, in pressure and tropopause-referenced
altitudes. In addition to single stations, regional aggregates are presented, combin-
ing stations with similar ozone characteristics. The Hellinger distance is introduced as
a new diagnostic to compare the variability of ozone distributions within each region10
and used for model evaluation purposes. This measure compares not only the mean,
but also the shape of distributions. The representativeness of regional aggregates is
discussed using independent observations from surface stations and MOZAIC aircraft
data. Ozone from all of these data sets show an excellent agreement within the range
of the interannual variability, especially if a sufficient number of measurements are15
available, as is the case for West Europe. Within the climatology, a significant longitu-
dinal variability of ozone in the troposphere and lower stratosphere in the northern mid-
and high latitudes is found. The climatology is used to evaluate results from two model
intercomparison activities, HTAP for the troposphere and CCMVal2 for the tropopause
region and the stratosphere. HTAP ozone is in good agreement with observations in the20
troposphere within their range of uncertainty, but ozone peaks too early in the North-
ern Hemisphere spring. The strong gradients of ozone around the tropopause are
less well captured by many models. Lower stratospheric ozone is overestimated for
all regions by the multi-model mean of CCMVal2 models. Individual models also show
major shortcomings in reproducing the shape of ozone probability distribution functions25
in various regions and different altitudes, which might have significant implications for
the radiative budgets in those models.
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1 Introduction
Ozone is one of the most important trace gases in the atmosphere, and is strongly
influenced by changes in the environment due to anthropogenic activities, for example
fossil fuel combustion and industrial processes (e.g., Lelieveld and Dentener, 2000),
and biomass burning (e.g., Oltmans et al., 2010). In the troposphere, ozone is photo-5
chemically produced by the oxidation of volatile organic compounds (VOC) and carbon
monoxide (CO) in the presence of nitrogen oxides (NOx). Trends and variability of
ozone in the troposphere are therefore strongly controlled by long-term changes in
chemistry and transport, but are also affected by interannual variations of sporadically
occurring pollution events, such as very intense forest fires, volcanic eruptions and10
stratospheric intrusions, resulting in regional differences in ozone. Tropospheric ozone
at mid-latitudes is affected by the occurrence of stratosphere-troposphere exchange
processes in connection to weather systems, which have a varying influence for dif-
ferent regions (Wernli and Sprenger, 2007; Sprenger et al., 2007; Tang and Prather,
2010; Kunz et al., 2011) and are impacted by gravity and Rossby wave signatures15
(Thompson et al., 2011b). Pollution outflow from large cities often results in enhanced
surface ozone values, especially during summer months, reducing regional air quality
downwind of cities and in remote areas. Most of these ozone sources are expected
to increase with a warmer climate (Stevenson et al., 2006). Furthermore, changes
in methane (CH4) influence the global ozone background in the troposphere, but the20
magnitude of these changes is still poorly understood. (e.g., Crutzen, 1973; Vingarzan,
2004; Fiore et al., 2008).
In the upper troposphere and lower stratosphere (UTLS), ozone acts as an important
greenhouse gas (Forster et al., 2007), and ozone in the stratosphere shields the Earth
from harmful shortwave ultraviolet radiation. The most obvious impact of anthropogenic25
activities on stratospheric ozone is the occurrence of the ozone hole in the Antarctic
stratosphere in the austral spring each year (WMO, 2007, 2010). The amount of ozone
in the stratosphere is also controlled by the Brewer-Dobson circulation, which may
be affected by climate change (Garcia and Randel, 2008). In addition, decreasing
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temperatures in the upper stratosphere decrease the effectiveness of chemical ozone
destruction in that region. On the other hand, decreasing temperatures in the Arctic
polar stratosphere may increase the likelihood of severe chemical ozone depletion in
spring (Rex et al., 2004). The overall effect of climate change on lower stratospheric
ozone is not well understood (e.g., Eyring et al., 2010).5
Comprehensive chemistry climate models are used to simulate past, present and
future climate to understand the complex interplay between various processes in the
troposphere (Gauss et al., 2006; Stevenson et al., 2006; Reichler and Kim, 2008), the
UTLS and stratosphere (Eyring et al., 2010). A precise description of the geographical
and vertical distribution of ozone and its seasonality for present day conditions is re-10
quired to quantify the performance of the models and to eventually improve them (e.g.,
Lamarque et al., 2005; Fiore et al., 2008; Eyring et al., 2010). Available data sets for
model evaluation include retrievals from satellite data, ozone column measurements
from Dobson and Umkehr instruments, vertical profiles from ozone sondes, aircraft
and lidar measurements, and a multitude of surface observations, often from regional15
air quality monitoring networks. To evaluate ozone in the stratosphere, a variety of
satellite observations are available. While satellites in nadir-viewing geometry provide
global coverage with good time resolution, they generally contain little information on
the vertical distribution of ozone. Limb-sounder satellite observations have relatively
high vertical resolution, but provide sparse global coverage and carry large uncertain-20
ties in the troposphere and the UTLS region. For the UTLS, in addition to satellite ob-
servations ozone soundings for the tropics and aircraft data for mid- and high latitudes
are also used (Eyring et al., 2010). Surface measurements are of excellent quality and
provide long-term records, but they can be influenced by local changes and pollution
sources, which makes them less suitable for evaluation of coarse-scale models. Air-25
craft data from field campaigns are valuable for process understanding and have been
used to derive climatologies (Tilmes et al., 2010), but they might not be representa-
tive for a larger region. Routinely-performed measurements from passenger aircraft
are very well-suited to evaluate models in the troposphere and lowermost stratosphere
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(Thouret et al., 1998a), but they are necessarily concentrated on major flight routes.
Here, we focus on data from ozonesondes, which provide some of the longest
records over the entire globe and exhibit excellent vertical resolution from the surface
up to 10 hPa. Logan (1999a,b) compiled global ozonesonde climatologies for the tro-
posphere and stratosphere, respectively. An update was provided by McPeters et al.5
(2007) with focus on the stratosphere. Regional climatologies have been developed for
the tropics (Thompson et al., 2003a; Thompson et al., 2011a,b; Randel and Thomp-
son, 2011) and for the Southern Hemisphere subtropics (Clain et al., 2009). Individual
ozone stations over different regions were compared to surface observations and ana-
lyzed for trends (Oltmans et al., 2006). However, to our knowledge, no updated global10
climatology for the last 15 years exists that focuses on the troposphere and the lower
stratosphere. A new climatology including a more detailed description of the global
ozone distribution and interannual variability is needed to provide a basis for present-
day model evaluation.
The goal of this paper is to construct and discuss an ozone climatology for model15
evaluation with focus on the troposphere and lowermost stratosphere, based on avail-
able ozone soundings between 1995 and 2009. This climatology is provided to the
community (Appendix A). A climatology between 1980 and 1994 is also provided, which
is very similar to the climatology by Logan (1999a,b) (see Supplement). However, we
do not discuss the climatology between 1980 and 1994 in detail, due to limited obser-20
vations and some doubts about the quality of the earlier measurements (Smit et al.,
1998). Besides single stations, we construct climatologies for various regions in com-
bining stations with similar characteristics, as discussed in Sect. 2. The variability
of ozone within the different regions is investigated in Sect. 3. We introduce a new
diagnostic that provides a measure for the similarity of two ozone distributions by em-25
ploying the Hellinger distance (Nikulin, 2001), defined in Appendix B. The Hellinger is
applicable for comparisons of distributions of various shapes, including non-Gaussian
distributions, as often observed in the atmosphere, for example in the UTLS region
(Pan et al., 2010; Tilmes et al., 2010).
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The representativeness of the ozone climatology for different regions is discussed
in Sect. 4, using available hourly surface ozone data from the World Data Cen-
ter for Greenhouse Gases (WDCGG) (http://gaw.kishou.go.jp/wdcgg/), the Clean Air
Status and Trends Network (CASTNET) for the US (http://java.epa.gov/castnet/), the
European Monitoring and Evaluation Programme (EMEP) network in Europe (http://5
www.emep.int/), and MOZAIC aircraft observations (http://mozaic.aero.obs-mip.fr/web)
(Thouret et al., 1998b) for comparison.
We provide information about the time evolution of ozone (Sect. 5) and the number
of observations per year and stations entering the climatology. In addition, we calculate
decadal changes of ozone between 1990–1999 and 2000–2009 for different regions.10
Furthermore, we provide vertical ozone profiles in pressure altitudes and tropopause-
referenced altitudes, averaged ozone profiles over 15 years for each season, as well
as information about the interannual variability (defined here as the range of the 5th
and 95th percentile of the annual median ozone value and the half-width of the dis-
tribution (defined here as the range of the 25th and 75th percentile) of ozone profiles15
(see Sect. 6). As an application, in Sect. 7, we compare this climatology to a range
of tropospheric and stratospheric models that participated in two major international
model intercomparison activities, HTAP and CCMVal. Summary and conclusions are
provided in Sect. 8.
2 Selected Ozonesondes and Regions20
Ozone soundings between 1980 and 2009 were compiled from the collection of the
World Ozone and Ultraviolet data Center (WOUDC) (http://www.woudc.org/), from the
NOAA Earth system Research Laboratory (ESRL), from the Global Monitoring Division
(GMD, ftp://ftp.cmdl.noaa.gov/ozwv/ozone/) for Boulder and Hilo, and from the South-
ern Hemisphere ADditional OZonesondes (SHADOZ) between 1998–2009 (Thompson25
et al., 2003a,b). We consider 41 stations (shown in Fig. 1 and listed in Table 1) that
have a sufficiently complete record of continuous sampling between 1995 and 2009
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with at least 12 profiles per season for at least 5 continuous years (see supplemental
material, Fig. S3, bottom plot of each panel).
For most of the stations, the Electrochemical Concentration Cell (ECC) ozone sonde
was used. For Hohenpeissenberg and Payerne, Brewer-Mast ozone sondes were
used, and for all Japanese stations, Kagoshima, Sapporo, Tateno, Naha, and Syowa,5
Carbon-Iodine Japanese Sondes (KC79/JMA) were used. Details about different ozone
sonde types are given in Smit et al. (1998). As determined in the Ju¨lich Ozone Sonde
Intercomparison Experiment (JOSIE) (Smit et al., 1998), ozone sondes perform best in
the lower stratosphere between the tropopause and 20 km altitudes, with a precision of
about ±2–3% for ECC-sondes, and a precision of ±5% for Brewer-Mast and Carbon-10
Iodine sondes. In the troposphere, ECC-sondes show a precision of ±3–4%, whereas
the Brewer-Mast and Carbon-Iodine sondes exhibit a precision of of about ±4–8%.
In the troposphere, ECC-sondes show a small bias of ±3%, the Brewer-Mast sondes
show a negative bias of −3%, and the Japanese sondes a negative bias between −2
and −7%. The accuracy of the different sondes are about ±4–8% for ECC-sondes15
and between 6 and 13% for the Brewer-Mast and Japanese sondes.
Ozone profiles are employed, including already performed corrections of most of the
stations by the data centers. In addition, we applied a column ozone filter to all ozone
profiles to reject single profiles with column ozone values of more than 700 DU or of
less than 50 DU. In this way, we also filter out unrealistic values of ozone profiles (in20
partial pressure) at the stratospheric maximum. For observations used here, ignoring
profiles corrected by factors outside the range of 0.8 and 1.2 has only a small impact
on the averaged profile between 1995 and 2009 (see Fig. S1).
The selected ozonesonde data in mixing ratios and partial pressure are averaged
to 26 standard pressure levels between 1000 hPa and 1hPa. Between 1000hPa and25
100 hPa, a layer thickness of 25 hPa centered on the selected pressure level was em-
ployed Between 100 hPa and 10 hPa a layer thickness of 2.5 hPa and above 10 hPa a
layer thickness of 0.25 hPa was chosen. For the two NOAA stations employed (Boulder
and Hilo), ozone profiles have been provided on a vertical grid of 250 m resolution. In
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this case, ozone sonde data are linearly interpolated to the fixed pressure levels. Sea-
sonal ozone profiles are derived by averaging available ozone observations between
1980 and 1994 and between 1995 and 2009 at all pressure levels (and tropopause-
referenced altitude levels) for each station. The number of profiles entering each pe-
riod is listed in Table 1. A comparison between the climatology for the period 1980 –5
1994 and the climatology derived by Logan (1999a) for a similar period shows a good
agreement between the two data sets (see supplemental material, Fig. S2).
Between 1995 and present, the number of available ozone soundings has greatly
increased and a larger number of stations with records of several years has become
available over the globe (Fig. S3). Years with a sampling-frequency of less than 1210
profiles per season often deviate from other years and are therefore less reliable. For
model evaluation purposes it is important to be aware of the number of profiles that
entered the 15-yr averaged profiles and therefore the reliability of the values derived
for single stations. This is particularly important for the earlier period of 1980-1994
when the number of soundings were often limited. Between 1995 and 2009, for most15
stations the entire period is covered about equally with sufficient ozone soundings per
season, as discussed in the supplement. A comparison between 1980 – 1994 and
1995 – 2009 ozone profiles for each station is given in Fig. S4, Supplement).
The stations of regions with similar ozone characteristics are combined in order to
obtain a sufficient sample size for tests of significance. Regional aggregates are better20
suited for model evaluation purposes, especially for models with a coarse horizontal
resolution that would not capture small-scale variations in the ozone field (e.g., Em-
mons et al., 2010). The regions are (see Fig. 1, different colors): the western part of
the Northern Hemisphere polar region (NH Polar West), the eastern part of the North-
ern Hemisphere polar region (NH Polar East), Canada, United States of America (US),25
West Europe, Japan, the Tropics, the Southern Hemisphere mid-latitudes (SH midlat),
which only covers longitudes between 135◦– 180◦E, and the Southern Hemisphere
polar region (SH Polar). The NH polar region is divided into an eastern and western
sector, because of different tropospheric ozone characteristics, showing larger ozone
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mixing ratios in the western sector in spring and summer, as further discussed in the
supplemental material (Fig. S5, supplemental material). Besides the Tropics, we also
consider the NH Sub-tropics (representing a region between 15–30◦N).
All tropical stations are combined into only one region. The characteristics of tropo-
spheric ozone over tropical stations differ depending on various processes: the location5
of the station with regard to the ascending or descending branch of the Walker circu-
lations, the seasonality of convection, the influence of biomass burning, the amount of
pollution and stratospheric influence (Thompson et al., 2011b). Further, gravity wave
activity is most prevalent over the Pacific and Indian Oceans. The vertical structure of
ozone and the interannual variations of a 10-yr period are distinct from station to station10
(Thompson et al., 2011b). A grouping of the tropical region into sub-regions is there-
fore difficult and would include at most two stations per region. Therefore, we provide
information for one region only, to characterize ozone in the Tropics in contrast to higher
latitudes. For detailed model evaluation of tropospheric ozone in the tropical region a
comparison of single stations is likely to be more meaningful. Above the tropopause,15
tropical ozone mixing ratios of different stations are more similar, as discussed below.
3 Variability of ozone within different regions
We investigate the variability of ozone distributions within each region, in calculating
the Hellinger distance and the relative difference of medians between different stations
and the regionally-aggregated distribution, as introduced in Appendix B. The Hellinger20
distance is a measure of differences in the shape of distributions, not necessarily Gaus-
sian. This measure scales between 0 and 1, whereby small values (below 0.1) occur
for very similar distributions and 1 for completely different distributions. We derive the
ozone probability distribution function (PDF) and the corresponding cumulative dis-
tribution functions (CDF) using all observations taken during a 15-yr period between25
1995 and 2009. To calculate the Hellinger distance, the CDF is derived based on
25 variable bin sizes (see Appendix B for more details). Profiles are considered within
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three altitude intervals above and below the thermal tropopause. Temperature infor-
mation from ozone soundings is used to derive the thermal tropopause (TP), based on
the temperature lapse rate definition (World Meteorological Organization, 1957).
The shape of ozone distributions in the UTLS depends on the altitude interval (with
regard to the thermal tropopause), season and region (see Fig. 2, top and middle5
panel). For West Europe, most stations have similar ozone distributions for all seasons
in the UTLS. Consequently, the Hellinger distances are less than 0.1 and the median
differences are within ±10%, for the majority of stations (different colors). The Hellinger
distance exposes differences not only in the mean but also in the shape as can be seen
in the case of Madrid in summer and fall in 1–3 km above the TP (see Fig. 2, bottom10
middle panel, pink symbols).
For the high northern latitudes and Canada, ozone distributions of all stations within
each region are also very similar (see Fig. 3, top row). Most stations within one region
show a median difference of less than ±10% in comparison to the regional median and
a Hellinger distance of around 0.1. A larger spread of the median difference and the15
Hellinger distance occurs for the US and Japan (Fig. 3, middle row). For the US, Japan
(see also Appendix B) and the SHmid latitudes, a large variability of ozone distributions
occurs in lowermost stratosphere during winter and spring. For the Tropics, a large
variability of ozone can be identified in the troposphere, as discussed above. On the
other hand, tropical ozone distributions in the lower stratosphere are rather similar and20
have a Hellinger distance of less than 0.1 from the regionally-aggregated distribution
and a median difference within ≈ ±20%. In the SH Polar region within ±3 km around
the TP, ozone mixing ratios from different stations show a very similar distribution, with
a Hellinger distance below 0.1 and a median difference of less than ±10%.
The Hellinger distance between different observations as well as the variation in25
median of ozone distributions within each region provides a baseline for understanding
the comparisons of models with observations.
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4 Representativeness of regional averages in comparison to
independent observations
The compilation of ozone profiles for different regions, based on a different number
of stations considered depending on the region, raises the question about the repre-
sentativeness of ozone averages for different regions. Here, we use independent data5
from surface ozone measurements and routinely performed passenger aircraft samples
from the MOZAIC program (http://mozaic.aero.obs-mip.fr/web) (Thouret et al., 1998b)
to compare regional and seasonal aggregates of ozone measurements derived from
soundings between 1995 and 2009 (see Fig. 4, left panels, and Fig. 5, left and middle
panels). Vertical profiles from MOZAIC are available at three locations in the eastern10
part of the US and for two airports in Japan. We also compare ozone sonde data that
were taken in the area of Frankfurt in Europe to MOZAIC data taken in Frankfurt.
In addition, hourly surface observations from the EMEP network are available for over
60 stations in western Europe in the area around Germany and up to 17 stations for the
eastern NH Polar region from EMEP and WDCGG database. Further, three surface15
stations in SH mid-latitudes and four in high latitudes in the SH are available from the
WDCGG network (as shown in Fig. 4, right column, red diamonds). A large number of
surface stations (about 120 stations) are also available for the US from the CASTNET
network with up to 26 stations in southeast US. Only two surface stations are available
for Japan, using WDCGG data (Fig. 5, bottom right panel). Altitude information of20
surface stations is included in Fig. 4 (right panels, different sizes of diamonds, going
from small to large with increasing altitude). For Japan and high latitudes, surface data
are only available in altitudes below 500m.
Surface stations located at higher elevations have been shown to observe air-
masses from higher altitudes than lower stations (e.g, Fiore et al., 2008). To com-25
pare similar airmasses between ozone sounding and surface measurements, we av-
erage surface ozone measurements that were taken within three altitude intervals,
0–500m, 500–1500m and >1500m within each region. These are compared to all
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available ozonesonde observations, interpolated to three corresponding pressure in-
tervals (1000 hPa±50 hPa, 900 hPa±50 hPa and 800 hPa±50Pa) and averaged for
each region between 1995 and 2009. Aircraft observations and ozone soundings are
compared for three pressure level intervals, 800 hPa±50 hPa, 500 hPa±50 hPa and
400 hPa±50 hPa. Timelines of the measurements for NH Polar, West Europe are given5
in Figs. S5 and S6, respectively.
The correlation between ozone soundings and surface ozone observations are
shown in Figs. 4 and 5 (left column). The correlation between ozone soundings and
MOZAIC data are shown in Fig. 5 (middle column). In general, ozonesonde data and
surface ozone observations show reasonable agreement for all seasons and altitude10
levels, with correlation coefficients larger than 0.8 for all regions except Japan. For the
eastern NH polar region, ozone soundings are biased high at the 1000hPa level, which
is likely due to the different regional coverage of those data. The largest deviations, up
to 10 ppb, occur in fall. For the SH mid- and high latitudes, surface ozone data tend
to be up to 8 ppb larger than those from ozonesondes. Besides the low bias of ozone15
soundings, the different data sets in the SH Polar region are also highly correlated.
As for the high northern latitudes, only a limited amount of data around 1000hPa is
available in the SH. The variability of surface ozone distributions for different stations in
the SH mid- and high latitudes is relatively large – resulting in a Hellinger distance of
up to 0.3 – which can lead to discrepancies as a result of different regional coverage.20
The Hellinger distance between surface observations and ozone soundings is between
0.1 and 0.3 for these three regions, which is within the range of the variability of ozone
soundings in each region.
For West Europe, we find a remarkable agreement between ozonesonde observa-
tions and surface measurements within ±4 ppbv, for all pressure levels and seasons,25
and a correlation coefficient of 0.97 (Fig. 5, first row). The Hellinger distance between
surface data and soundings is below 0.2 in the lower troposphere, and within the range
of the variability of single ozone stations to the regionally-aggregated mean. The very
good agreement between the two data sets is related to the fact that for both surface
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data and sondes, sufficient observations are available for all the pressure intervals con-
sidered. Furthermore, ozone sondes also show an excellent agreement with MOZAIC
data over Frankfurt in the lower troposphere. MOZAIC observations are slightly smaller
in the free troposphere compared to ozone soundings, but the data sets still agree
within the error bars.5
For the US, only three ozonesonde stations with long-term measurement records are
available. Two of those are located in the southeast US, whereas the other, Boulder,
CO, is close to the Rocky Mountains. Since surface ozone observations are variable
across the US (e.g., Reidmiller et al., 2009) and soundings are not distributed over the
entire region, we perform two comparisons, first for the southeast US, using data from10
two ozonesonde stations and surface observations within the black box in Fig. 5, top
row, and second for the entire US, using the three soundings and all the surface obser-
vations. The comparison for southeast US shows a reasonable agreement with slightly
larger ozone from soundings, especially in summer. For the entire US, ozone sound-
ings are higher by up to 20 ppb compared to surface measurements, especially in sum-15
mer. The shape of the ozone distributions from soundings is very different compared to
surface observations, reaching a Hellinger distance of above 0.4, which is much larger
than the variability of the ozone soundings in the US. For the most part, the ozone dis-
tribution from surface stations is shifted to lower values compared to the soundings (not
shown). However, considering the under representation of ozonesondes compared to20
surface measurements, and the variability of ozone over the US (e.g., Reidmiller et al.,
2009), a correlation coefficient of 0.86 is rather good. On the other hand, ozonesondes
and MOZAIC aircraft data for altitudes between 800 hPa and 400 hPa agree within the
variability of both observations for southeast US and the entire US, except for summer.
The relatively few surface ozone data and ozone soundings in Japan agree within25
8 ppbv, which is within the interannual variability. Comparisons of MOZAIC aircraft
and surface data in China have demonstrated a large daily variability of ozone at the
surface (Ding et al., 2008) that might have a significant impact on ozone over Japan. In-
deed, ozone sonde observations show a large variability among the stations, however,
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the regional aggregates agree well with surface observations. The comparison with
MOZAIC data shows a good agreement. The correlation between ozone soundings
and independent observations is smaller (r = 0.64), however this is likely a result of a
larger interannual variability.
In summary, one has to be careful in comparing regional averages of model results5
to regionally-aggregated distributions from observations for under-represented regions,
which can result in misleading results. This is especially true for regions that show a
large regional variability, as is the case for surface values in the US and regions in the
SH. For model evaluation, we therefore recommend performing regionally-aggregated
comparisons between observations and model results, as we do in Sect. 7.10
5 Time evolution for different seasons and pressure levels
Timelines of ozone vary depending on region, season and altitude levels, as illustrated
in Figs. 6 and 7. To illustrate the interannual variability independent of the seasonal
variability, we consider seasonal and regional aggregates of ozone for the troposphere
and stratosphere, respectively, showing the median of the distribution and the half-15
width of the distribution as error bars.
Ozone in the troposphere and stratosphere is influenced by a variety of dynami-
cal processes, including ENSO, Rossby waves, and gravity waves, as shown for the
tropics (e.g., Randel and Thompson, 2011; Thompson et al., 2011b). The interannual
variability of stratospheric ozone has been shown to impact the interannual variabil-20
ity of tropospheric ozone (Tarasick et al., 2005; Hess and Zbinden, 2011). Volcanic
eruptions also have a significant impact, especially on stratospheric ozone. In the tro-
posphere, ozone is further affected by anthropogenic activities and significant pollution
events like the very large forest fires in 2003 (connected to ENSO). The importance
of different components that influence the interannual variability of ozone in different25
parts of the atmosphere, especially for the troposphere, has to be investigated in more
detail and cannot be directly revealed from the ozone timelines, shown in Fig. 6. For
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model evaluation purposes, we define the interannual variability as the range of the 5th
and 95th percentile of the annual averaged ozone (calculated as: (95th percentile – 5th
percentile)/2.). This measure will allow a general comparison of interannual variability
between models and observations in different regions. The interannual variability and
the half-width of the 15-yr average are quantified and discussed in Sect. 65
In general, ozone mixing ratios in the troposphere in spring (not shown) and summer
show the largest values and the largest variability between the years. This is consistent
with earlier findings (e.g., Logan, 1999a). Typically, tropospheric timelines show sig-
nificant differences between different regions, suggesting longitudinal variations in mid
and high latitudes in the NH. On the other hand, the interannual variability within a re-10
gion and season is often very similar for different pressure levels (as further discussed
in Sect. 6).
In the stratosphere (Fig. 7), in high northern latitudes, maximum mixing ratios oc-
cur in winter (and spring, not shown) at 100 hPa and 50hPa, as a result of enhanced
ozone transport due to the Brewer-Dobson circulation. The increase of ozone between15
summer and winter is most marked below 10hPa. In contrast, over the high southern
latitudes, the smallest ozone mixing ratios occur in SH austral winter and spring, as the
result of the occurrence of the ozone hole. Spring and summer values are larger com-
pared to their counterpart in the polar NH. Mid-latitude ozone is, in general, larger than
in the high latitudes above the 50 hPa pressure level. Significant differences between20
different regions are also observed in the stratosphere. For example, ozone in western
Europe is more similar to the characteristic of the high northern latitudes, while the US
and Japan are more similar to the values in the Tropics, as further discussed below.
Based on median ozone mixing ratios for each season and pressure level, we quan-
tify the changes of ozone between the periods 1990–1999 and 2000–2009. We only25
consider those regions where at least 8 years of measurements are available in each
period (see Fig. 8). We note that in general ozone trends have been shown to be small
if significant for the last 15 years (Oltmans et al., 2006). Significant changes of ozone
based on the Student’s t test between 1990–1999 and 2000–2009 (shown as large plus
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signs in Fig. 8) occur for the most part in the troposphere and the mid-stratosphere. In
general, changes of ozone between 1990–1999 and 2000–2009 vary with altitude and
season. For the NH polar region and Canada, ozone mixing ratios have increased by
5–10% within the last 20 years, most significantly in winter and spring. On the other
hand, ozone has decreased by 3–8% over West Europe in the upper troposphere and5
over Japan in the lower troposphere for winter and spring. In the UTLS, ozone in the
NH Polar West region shows a decline in fall, similar to West Europe, whereas ozone
has increased in spring in NH Polar East, Canada, West Europe and Japan, although
the changes are mostly not significant. In the stratosphere, significant changes are
only found in the NH Polar West region in summer and fall, with an increase of 10–10
15% between 1990–1999 and 2000–2009 and in winter in the NH Polar East region.
The increase of ozone in high northern latitudes is likely related to changes in the
Brewer-Dobson circulation (Bo¨nisch et al., 2011). Strongly decreasing ozone mixing
ratios between 1990–1999 and 2000–2009 occur in the lower stratosphere of the SH
Polar region in austral spring of more than 50%. Minimum ozone values have strongly15
decreased in the early nineties as the result of increasing ozone depletion due to halo-
gen chemistry. Between 2000 and 2009, some years experienced enhanced ozone
values in the lower stratosphere (for example 2002 and 2004, as a result of a larger
dynamical activity in those years), but no significant trend has been observed during
the last 10 years (not shown).20
6 Vertical profiles for different seasons and regions
For model and data comparisons, we provide regionally and seasonally aggregated
ozone profiles for 1995 – 2009 in pressure altitudes and tropopause-referenced alti-
tudes, as discussed in the following (see Fig. 9). In high northern latitudes, surface
ozone mixing ratios in summer are lowest compared to the other seasons. The sim-25
ilarity of tropospheric ozone over the western sector of the NH polar region to West
Europe suggests the influence of European airmasses. Further, the eastern sector
28762
ACPD
11, 28747–28796, 2011
Ozonesonde
climatology between
1995 and 2009
S. Tilmes et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
is more similar to ozone over Canada. Ozone profiles over the US and Japan show
more tropical characteristics and a higher ozonopause (defined as the altitude with the
strongest ozone gradient) in summer and fall compared to West Europe. A seasonality
of the height of the ozonopause is also obvious in the Tropics, with a maximum in DJF
and MAM. A secondary ozone minimum in the upper troposphere is especially obvious5
in winter for the NH Sub-tropics and in spring (MAM) for the Tropics (Logan, 1999a).
Structure and zonal variability of UT ozone in the tropics are described in Thompson
et al. (2011b,a) and so are not shown here. A lower mixing ratio is characteristic in
the UT over the western Pacific (Samoa, Watukosek, Fiji) than over the Atlantic (Natal,
Ascension), with the equatorial Americas (San Cristobal and Paramaribo (Thompson10
et al., 2010)), representing a transition region between the two. Tropospheric ozone
in the SH mid-latitudes shows a different seasonality than in the NH. Largest ozone
mixing ratios occur in the SH winter and spring and smallest in summer and fall.
To investigate processes in the UTLS, we consider ozone in tropopause-referenced
altitudes. The seasonality of ozone in the UTLS is mostly a result of the influence of15
transport processes on ozone (e.g., Thouret et al., 2006). The Brewer-Dobson circu-
lation transports high ozone mixing ratios towards mid- and high latitudes most pro-
nounced in winter and spring. On the other hand, isentropic exchange between the
tropics and extra-tropics is important (Bo¨nisch et al., 2009; Birner and Bo¨nisch, 2011;
Tilmes et al., 2010) and influences ozone in the lowermost stratosphere. The season-20
ality of tropopause-referenced altitudes (Fig. 10) can be very different from the season-
ality of ozone at pressure altitudes, as also noted in Eyring et al. (2010). For example,
in Japan at the 200 hPa level (Fig. 9), ozone is lowest in summer and fall and largest
in winter and spring as a result of a higher TP in summer and fall compared to winter
and spring. Considering TP-referenced altitudes within 2 km above the TP (Fig. 10),25
lowest ozone mixing ratios occur in winter, and largest in summer. The seasonality in
the lowermost stratosphere can therefore strongly depend on the coordinate system
considered. Over high northern latitudes and in West Europe and Canada, ozone mix-
ing ratios in the lowermost stratosphere are smaller in fall and winter than in spring
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and summer, in agreement with findings from Thouret et al. (2006) based on MOZAIC
aircraft observations. However, the seasonality over the US and Japan is different; the
lowest ozone mixing ratios occur in winter and spring. This might be linked to the larger
frequency of stratospheric tropospheric exchange processes in these regions, as found
by (Wernli and Sprenger, 2007; Sprenger et al., 2007). It is therefore important to con-5
sider different regions in the NH mid-latitudes to capture the longitudinal gradient in the
lowermost stratosphere.
The seasonality of ozone for the NH Tropics above the tropical TP, showing smallest
ozone mixing ratios in winter and largest in summer, is in agreement with earlier studies
(Folkins et al., 2006; Randel et al., 2008; Tilmes et al., 2010). Evidence for tropical10
and subtropical TP trends in the SH is presented by Sivakumar et al. (2011). For the
SH mid-latitudes the seasonality of ozone in the lower stratosphere is similar to NH
mid-latitudes in West Europe. However, ozone mixing ratios are slightly lower for all
seasons, likely because of the weaker Brewer-Dobson circulation in the SH compared
to the NH. The lowermost stratosphere over the SH polar region is strongly influenced15
by the occurrence of the Antarctic ozone hole, resulting in very low ozone mixing ratios
in SH spring.
Besides the median of the vertical profiles, we describe the variability of the distri-
bution at different pressure and tropopause-referenced altitude levels. Since ozone
distributions are for the most part not Gaussian (as discussed above), we are not con-20
sidering the standard deviation, but quantifying the half-width of the distributions at
each pressure level, as defined above. For model evaluation, we provide information
about the interannual variability of ozone mixing ratios including trends for different
stations and regions (Figs. 9 and 10 middle and right plot of each panel).
The width of the ozone probability density distribution is in general increasing with25
altitude, e.g., larger variability occurs at 400 hPa (200 hPa for the Tropics), due to an
increasing impact of stratospheric air with increasing altitude and strong variability
caused by transport (Lefohn et al., 2001). Maximum values of the width of the distribu-
tion (up to 50%) occur around the TP. The interannual variability for the last 15 years
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and the width of the distribution are in general similar for all pressure levels in the tro-
posphere, which suggests that ozone is often influenced by the same factors within
each region and season throughout the troposphere.
Considering the ozone distribution with regard to tropopause-referenced altitudes,
the width of the distribution and the interannual variability around and above the TP5
are much smaller (around 20%), which indicates that the variability of the TP height
within each season is a significant factor for the large variability in ozone in the lower-
most stratosphere if considering pressure levels (e.g. Pan et al., 2004). For the US and
Japan, the half-width of the distribution and the interannual variability still reach 20–
30% of the median ozone values, even if considering tropopause-referenced altitudes.10
This indicates a strong variability in the influence of exchange processes between trop-
ical and extra-tropical airmasses. In the Tropics the half-width of the distribution above
the TP is larger in tropopause-referenced altitudes than considering pressure altitudes,
in agreement with earlier studies (Thompson et al., 2011b,a; Randel and Thompson,
2011). For the SH mid-latitudes the interannual variability in the troposphere in spring15
and summer is larger than the half-width of the distribution. The largest variability and
interannual variability of the ozone distribution occurs in spring in high southern lati-
tudes during the ozone hole season.
7 Application of the ozone climatology to model studies
The new climatology (between 1995 and 2009) is used to evaluate simulated ozone20
concentrations from a set of models taking part in two modeling comparison efforts:
HTAP for the troposphere and CCMVal2 for the UTLS and stratosphere. Model re-
sults are interpolated to all ozonesonde stations considered before they are regionally-
aggregated for the comparison between model results and observations (as suggested
above).25
For the evaluation of chemistry and transport in the troposphere, and particu-
larly to advance the understanding of hemispheric transport of air pollutants in the
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Northern Hemisphere, the Task Force on Hemispheric Transport of Air Pollution (HTAP;
www.htap.org) was established under the United Nations Economic Commission for
Europe (UNECE) Convention on Long Range Transboundary Air Pollution (CLRTAP)
(Keating and Zuber, 2007). In HTAP, 22 models participated that ran year 2001 with
different meteorological fields and individual emissions, although a standard emission5
data set was provided which many models used (see Fiore et al. (2008) for details).
The year 2001 was simulated and output was stored as monthly mean values. Since
the modeling effort focused on processes in the NH, we only compare the NH high
latitudes and the NH mid-latitudes. We compare the seasonal cycle of available model
results for the year 2001 to measurements (Fig. 11, first to third row), as well as vertical10
profiles in pressure coordinates (fourth and fifth row).
The majority of the HTAP models show a reasonable ozone seasonality compared
to observations (not shown). The correlation coefficient for the multi-model mean is
0.88 – 0.98 at the 800 hPa level in high northern latitudes, West Europe and the US,
and 0.72 for Japan. The seasonality is less well reproduced in the upper troposphere,15
with a too early peak for all the regions. The mean bias between models and obser-
vations is largest at 200 hPa for high northern latitudes, where models show a large
variability (not shown). Most models strongly underestimate ozone over high northern
latitudes (mean bias of 142 ppb) and West Europe in spring. These discrepancies are
also visible in ozone profiles Fig. 11 (fourth and fifth row). Models fail to capture the20
steep ozone gradients across the TP, which results in an overestimation of ozone in the
upper troposphere around 400 hPa, especially in winter. Further, simulated ozone pro-
files point to differences in the height of the TP in comparison to observations, which
explains the large variability of simulated ozone at 200 hPa in West Europe and high
northern latitudes between the different models.25
For the evaluation of stratospheric processes including the UTLS, Eyring et al. (2010)
have established the Chemistry-Climate Model Validation (CCMVal2) activity for cou-
pled chemistry-climate models. We use the 10-day instantaneous model results be-
tween 1995 and 2004. The instantaneous model output allows us to calculate the
28766
ACPD
11, 28747–28796, 2011
Ozonesonde
climatology between
1995 and 2009
S. Tilmes et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
thermal TP and to consider tropopause-referenced altitudes. In addition, we derive the
Hellinger distance between the CCMVal2 model results and observations. In Fig. 12
(first to third rows), we compare model results and observations at three pressure levels
that are located in the UTLS and the stratosphere for the northern mid-latitudes. In ad-
dition, we evaluate tropopause-referenced altitudes (Fig. 12, fourth and fifth row). For5
seasonal comparisons, we derive monthly averages for each available year between
1995 and 2004 and then average over the entire period.
The seasonality of ozone is well captured by the models. Most regions and altitudes
show a correlation coefficient > 0.9. Ozone is overestimated for all regions at 100 hPa
and 50 hPa. This is because the TP for most models is shifted upwards by one or10
two levels (Eyring et al., 2010), as seems to be also the case for the HTAP models.
Considering tropopause-referenced altitudes, ozone is overestimated above the TP
(Fig. 12), especially in spring over the US and Japan, and in austral summer in the
the SH mid-latitudes and polar region (not shown). The overestimation of ozone might
be related to shortcomings of the representation of the stratospheric transport in the15
models in mid and high latitudes, consistent with Hegglin et al. (2010). In the SH, ozone
is likely underestimated due to the underestimation of the ozone hole (see also Eyring
et al. (2010), for a detailed evaluation of CCMVal2 model results). Mean differences
between models and observations are discussed below.
The comparison of the Hellinger distance versus the median differences between20
models and the climatology for different regions (as introduced in Appendix B) allows
some additional remarks on the representation of models, which go beyond the com-
parison of median differences alone. In general, we expect that the Hellinger distance
and the median differences between models and observations are correlated. This is
often the case, as shown as an example for West Europe for the lowermost strato-25
sphere (Fig. 13). For West Europe, ozone medians and half-width of the distribution of
CCMVal2 model results show a reasonable agreement between models and observa-
tions within the variability of the observations (Fig. 12, fourth and fifth row). Comparing
the PDF and the Hellinger distance between models and observations (shown only for
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one region as an example) indicates large shortcomings in the performance of different
models with regard to the shape of the distribution (see Fig. 13, top row).
Especially in the upper troposphere, models perform very differently and show a
large variability in the Hellinger distance and the median differences. For most models
the Hellinger distance is much larger than the regional variability derived from observa-5
tions (Fig. 13, small black points). In the lowermost stratosphere, the variability of the
model performance is less compared to values within ±3 km around the TP. Various
models reproduce the median value and the shape of the distribution reasonably well.
However, there is still a high bias of ozone in many models compared to observations.
Using the Hellinger distance as a diagnostic, we identify one model in 3–5 km above10
the TP (Fig. 13, right row, red line and symbols) that is not able to reproduce the shape
of the distribution, even though the median of the distribution agrees with observations
within 10%.
For all regions in the lowermost stratosphere, the Hellinger distance for all considered
models is much larger than the estimated range of the variability from observations of15
about 0.2, as illustrated in Fig. 14. The Hellinger distance is especially larger for those
models that do not reproduce the median of the distribution, as expected. However,
there are also models that reproduce the observed median of the ozone distribution
reasonably well, but not the shape of the simulated distribution compared to the ob-
served one. The median difference between models and observations reaches up to20
150%, the maximum Hellinger distance reached is 0.8. In summary, many models
overestimate ozone in the lowermost stratosphere, whereas some regions are repro-
duced fairly well by a few models in the NH and to a lesser part in the SH, whereas all
the models fail to reproduce ozone in the Tropics at 3–5 km above the TP.
8 Conclusions25
A global ozonesonde climatology has been compiled using 41 stations. Monthly av-
eraged ozone profiles between 1980–1994 and 1995–2009 are provided on pressure
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altitudes and tropopause-referenced altitudes for all stations. For 1995–2009, suffi-
cient observations are available to investigate the time evolution of ozone. The new
ozone climatology between 1980–1994 agrees well with the climatology compiled by
Logan (1999a,b). Between 1995–2009, ozone changes are smaller than observed for
the earlier periods (e.g. Oltmans et al., 2010), however, some significant changes over5
the last 20 years can be identified. For example, we found a significant increase of
tropospheric ozone (5–10%) in high northern latitudes and a significant decrease of
tropospheric ozone over West Europe and in Japan (in spring and summer), which
supports the need for an updated ozone climatology, as provided here. It is important
to note that changes in ozone between 1990–1999 and 2000–2009 vary with season,10
region and altitude, calling for caution while investigating deseasonalized ozone trends
or averages over fixed altitude intervals.
Further, we aggregate stations with similar ozone characteristics into 9 regions to
provide a robust data set for model evaluation. To quantify the variability of ozone within
the defined regions, we calculate the Hellinger distance that compares the shape of two15
ozone distributions in addition to the median difference of two distributions. For high lat-
itudes and West Europe in the UTLS, the Hellinger distance for different stations within
one region is mostly below 0.15. This indicates a high degree of similarity between
different stations within those regions. High variability in ozone distributions between
different stations within one region occurs for the US and Japan in winter and spring in20
the lowermost stratosphere, with deviations of up to ±30% from the regional mean and
a Hellinger distance above 0.2. Ozone distributions for stations in the Tropics show a
large variability below the tropopause, but are more similar above the tropopause with
deviations from the regional median up to ±20% and a Hellinger distance of less than
0.1 for most of the stations.25
The representativeness of regional aggregates is investigated by comparing ozone
soundings with independent data sets, using surface ozone and MOZAIC aircraft data.
Ozone soundings show excellent agreement (in both shape and median values) with
these data sets for regions with a large number of observations, as is the case for
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West Europe. This is not the case for other regions, like the US, since we only have
3 ozonesonde stations over a large area where significant differences exist for surface
values. However, for most of the regions, especially in the free troposphere, the cli-
matology agrees with surface and aircraft observations and therefore represents those
regions reasonably well.5
The seasonal variability of ozone profiles in the troposphere is in agreement with
earlier studies (e.g., Logan, 1999a; McPeters et al., 2007). We further find longitudinal
variations for different latitudes. For example, the western and eastern part of the NH
polar region show different characteristics. This is also the case for the three regions
in the NH mid-latitudes (West Europe, Japan and the US). Furthermore, the US and10
Japan show a different seasonality of ozone in the lowermost stratosphere than Europe,
when considering tropopause-referenced altitudes. This may be related to a weaker
transport barrier between the tropical TP and the lower stratosphere in the area around
the Pacific in the NH in winter and spring (Wernli and Sprenger, 2007; Sprenger et al.,
2007) and suggests a need for further investigation. The consideration of different15
regions in NH mid-latitudes and thereby longitudinal variations of ozone is important
for the evaluation of models and has not been done to date.
The climatology is applied to evaluate model results from two different model in-
tercomparison initiatives, HTAP, with focus on processes in the NH troposphere,
and, CCMVal2, concentrating on the lower stratosphere and the UTLS. Simulated20
ozone profiles are interpolated to the ozonesonde sites considered in each region
and regionally-aggregated ozone distributions are derived. This approach is recom-
mended for model evaluations, because it leads to a valid comparison to the regionally-
aggregated ozone frequency distribution from observations. A model comparison using
regional averages can result in misleading results.25
The models are in general able to reproduce the seasonality of ozone in the tropo-
sphere and stratosphere; however, discrepancies exist, especially in the UTLS. Differ-
ences in the height of the tropopause introduce differences between models and ob-
servations if considering pressure altitudes. Tropopause-referenced altitudes indicate
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regional shortcomings of the models, e.g., an overestimation of ozone in the lowermost
stratosphere especially in spring for the US and Japan, as well as in the SH austral
summer. In general, ozone is overestimated in the lower stratosphere compared to
observations, in agreement with Eyring et al. (2010). Further, the shape of ozone dis-
tributions in models is often very different from observed values. Implications of these5
shortcomings for the radiative forcing in the models have still to be investigated. In sum-
mary, the compiled ozonesonde climatology provides an updated and extended basis
for present-day model evaluation that gives further insights on the ability of models to
reproduce observed features of the global ozone distribution.
Appendix A10
Data availability
The climatology is available at http://acd.ucar.edu/∼tilmes/ozone.html. For each sta-
tion and region we provide monthly averaged ozone profiles between 1000 and 10hpa
(in partial pressure and mixing ratios) for all available years between 1995 and 2009,15
as well as for the years between 1980 and 1994. Besides averaged profiles (mean
and median), we provide information about the standard deviation, the half-width of
the distribution (calculated as (75th percentile – 25th percentile)/2), and the number
of profiles entering the average. Due to the lack of data from many stations in 1980
– 1994 we do not provide regional averages for the two periods considered. We fur-20
ther provide ozone profiles in tropopause-referenced altitude coordinates for the period
between 1995 and 2009 for each station and region. For this, we calculated the ther-
mal tropopause height (World Meteorological Organization, 1957) using temperature
information from each sounding profile.
In addition, we provide seasonal averaged ozone timelines between 1995 and25
2009, seasons are DJF, MAM, JJA, SON. We provide ozone median information for
each year, the half-width of the distribution, and the number of profiles entering the
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distribution for 26 pressure levels between 1000 hPa and 10hPa. Furthermore, we
provide the inter-annual variability, defined here as the range of the 5th and 95th per-
centile of annual median ozone values between 1995 and 2009 for all the pressure
levels.
Appendix B5
Hellinger distance
For the comparison of ozone distributions within observational data sets or between
observations and models, the mean (or median) and standard deviation (or width) of a
distribution are often considered, as discussed in Sect. 6. The comparison of means10
of ozone distributions does not give any information about the shape of the distribu-
tions, whereas the median and percentile give only a first-order estimate. However, a
distribution of ozone concentrations is often not well represented as a Gaussian dis-
tribution, as shown in Fig. 15 (top row), using the ozone distribution based on sondes
in Japan in LMS, as an example. Differences in the shape of two ozone distributions,15
e.g., Gaussian compared to bi-modal in the UTLS, even if describing the same mean
and width of the distribution, might produce significantly different signals in radiative
forcing or heating in a climate model. This is because the transmission of radiance
along a path is exponential in the amount of material along a path. Thus, we would
not expect the radiative forcing of the mean concentration to be the same as the mean20
of the distribution of radiative forcing from all samples, i.e., the mean of the function
does not equal the function of the mean. Further, in the troposphere, the mean or me-
dian of a distribution does not give any information of the frequency of very high ozone
episodes as a result of pollution that can lead to health problems. Consequently, we
need to evaluate not only the differences between means of two distributions, but also25
how much the shape of the distributions vary from each other, to get an idea of how
well the models represent the physical behavior of the atmosphere.
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We introduce the “Hellinger distance” (Nikulin, 2001) as a tool to assess the sim-
ilarity between two distributions. Let P and Q denote two probability measures that
are absolutely continuous with respect to the ozone mixing ratio λ. The Hellinger dis-
tance H(P,Q) between two cumulative distribution functions (CDF), P and Q of ozone,
is defined as follows:5
H2(P,Q) =
1
2
∫ (√
dP
dλ
−
√
dQ
dλ
)2
dλ (B1)
0≤H(p,q)≤1 (B2)
where dλ is the interval width of the mixing ratio bin. The Hellinger distance is 0 when
two distributions are identical, and 1 when two distributions are completely different.
The interval bin of the CDF is chosen in such a way that each bin contains an equal10
number of data, resulting in variable bin sizes. This allows a smoother representa-
tion of the shape of the CDF, as illustrated in Fig. 15, middle panel. To compare two
distributions, the same number of bins and bin sizes are chosen for each distribution.
Depending on the number of bins, the Hellinger distance can vary, however it does not
change the conclusions. Here, we use 25 bins to compare two ozone distributions.15
To illustrate the performance of Hellinger distance, we use the example of ozone
distributions in the lowermost stratosphere (3–5 km above the tropopause) from the
three Japanese data sets. Fig. 15, illustrates the PDF (top row) and CDF (middle row)
of the ozone distributions taken from three different ozone sonde stations (different
colors) for all four seasons. The three distributions are compared to the regional av-20
erage (Fig. 15, middle row, black line), in calculating the Hellinger distance between
the distribution of each station and the regionally-aggregated distribution. The derived
Hellinger distance is then plotted against the percentage difference of the medians of
the distributions, Fig. 15 (bottom row). In case the ozone distribution is very similar
to the regional mean (black line), the Hellinger distance is below 0.1, as is the case25
in summer for all Japanese stations. On the other hand, even if the differences in the
mean are small, the Hellinger distance can be larger than 0.2 if the shape of the three
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ozone distributions is different, as is the case for winter and spring. In this example,
airmasses for each of the three stations are rather similar and the Hellinger distance
does not reach values above 0.3, as is also the case for most other regions consid-
ered (see Sect. 3). In contrast, the Hellinger distance can reach much larger values for
comparisons between models and observations (see Sect. 7).5
Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/28747/2011/
acpd-11-28747-2011-supplement.pdf.
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Table 1. Number ozone profiles per season and period considered, Period I: 1980–1994,
Period II: 1995–2009.
Station Period I DJF MAM JJA SON Period II DJF MAM JJA SON
Alert 1987–1994 133 90 70 69 1995–2008 163 153 130 138
Eureka 1992–1994 22 17 16 22 1995–2008 354 281 157 156
NyAlesund 1990–1994 163 128 79 97 1995–2006 378 322 180 187
Resolute 1980–1994 120 145 139 127 1995–2007 125 102 90 92
Scoresbysund 1989–1994 42 50 51 51 1995–2003 139 110 93 98
Lerwick 1992–1994 31 7 8 10 1995–2008 263 202 138 161
Churchill 1980–1994 112 133 143 132 1995–2007 150 149 109 122
Edmonton 1980–1994 122 137 137 121 1995–2008 156 193 165 154
Goosebay 1980–1994 136 151 134 131 1995–2007 151 147 148 141
Legionowo 1993–1994 3 3 10 11 1995–2009 251 237 186 178
Lindenberg 1992–1994 38 24 27 21 1995–2009 198 188 196 169
Debilt 1992–1994 1995–2009 110 93 101 112
Uccle 1980–1994 278 356 359 342 1995–2007 414 446 496 449
Praha 1992–1994 44 68 1995–2009 320 490
Hohenpeissenberg 1980–1994 499 456 353 393 1995–2009 484 461 377 411
Payerne 1980–1994 380 391 414 420 1995–2009 532 555 545 545
Sapporo 1980–1994 45 58 60 58 1995–2009 157 159 142 154
Madrid 1994–1994 1995–2009 131 131 134 126
Boulder 1993–1994 9 12 9 7 1995–2009 150 162 208 164
WallopsIsland 1980–1994 76 76 76 76 1995–2009 207 204 229 231
Tateno 1980–1994 116 99 93 102 1995–2009 221 220 157 166
Huntsville 1980–1994 1999–2007 114 155 166 131
Kagoshima 1980–1994 47 53 48 60 1995–2005 132 112 109 126
Naha 1989–1994 37 31 32 37 1995–2008 140 141 132 145
Hongkong 1980–1994 2000–2007 64 84 74 77
Paramaribo 1980–1994 1999–2008 81 86 91 99
Hilo 1980–1994 2007–2007 119 162 147 144
Sancristobal 1980–1994 1998–2008 82 90 108 122
Nairobi 1980–1994 1996–2009 119 140 139 142
Natal 1980–1994 18 29 44 38 1995–2009 103 110 110 109
Ascension 1990–1994 15 16 22 34 1995–2009 121 132 125 156
Watukosek 1980–1994 1998–2009 48 53 66 72
Samoa 1980–1994 1995–2009 115 120 118 121
Fiji 1980–1994 1997–2008 64 88 78 75
Reunion 1980–1994 1998–2009 73 95 87 89
Broadmeadows 1980–1994 1999–2009 56 75 79 78
Lauder 1986–1994 47 40 60 86 1995–2008 139 154 144 172
Macquarie 1994–1994 1995–2009 90 109 110 102
Marambio 1988–1994 27 31 44 95 1995–2009 49 35 108 124
Neumayer 1992–1994 16 18 25 42 1995–2009 215 182 242 361
Syowa 1980–1994 62 60 64 126 1995–2009 176 164 227 266
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Fig. 1. Selected Ozone sondes, different colors denote different regions: NH Polar East: gray,
NH Polar West: brown, Canada: cyan, United States of America (US): pink, West Europe:
purple, Japan: orange, Subtropics: black, Tropics: red, SH Mid-latitudes: blue, SH Polar:
green. Those stations that are not included in selected regions are shown in black.
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Fig. 2. Top and middle row: probability distribution function (PDF) of UTLS ozone for different
stations within West Europe (different colors) for winter (top) and summer (middle) with regard
to the thermal tropopause. Bottom panel: Hellinger Distance between the ozone distribution of
single stations and the regionally-aggregated distribution versus the median differences of the
two distributions, shown for all stations (different colors) and seasons (winter: asterisks, spring:
diamonds, summer: triangles, fall: squares). Distribution samples are from the vertical regions
1–3 km below the tropopause (left), 1–3 km above the tropopause (middle) and in 3–5 km above
the tropopause (right).
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Fig. 3. Hellinger Distance for UTLS ozone at different stations with regard to the regionally-
aggregated distribution, plotted against the difference of medians between the two distributions,
shown for all seasons (different colors) and regions (different panels). Distribution samples are
from the vertical regions 1–3 km below the TP (asterisks), 1–3 km above the TP (diamonds)
and in 3–5 km above the TP (triangles).
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Fig. 4. Right panels: Location of ozone soundings (black stars) and surface observations (red
diamonds) for two regions. Surface stations are taken from EMEP and WDCGG for the NH
Polar region and from WDCGG for the SH. Left panels: Correlation between averaged ozone
soundings and surface ozone observations for each region (as shown in the right panel) using
available observations between 1995 and 2009. Error bars indicate the interannual variability
of seasonal and regional aggregates for each region and altitude range between 1995 and
2009. For the SH (right bottom panel), filled symbols are correlations for SH Polar, whereas
open symbols illustrate the correlation performed for soundings and surface data for SH mid-
latitudes. Different colors are denoted to different seasons.
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Fig. 5. Right panels: Location of ozone soundings (black stars), surface observations (red
diamonds) and MOZAIC aircraft observations (blue triangles). Surface stations are taken from
EMEP for West Europe, from CASTNET for the US, from WDCGG for Japan. Different symbol
sizes indicate the altitude information of surface stations. Left panel: the same as Fig. 4 left
panel, but for two different regions. For West Europe, hourly surface data are selected for the
area around Frankfurt, Germany, and are averaged for a time between 10:00 and 14:00 UTC,
in agreement to the time when ozone soundings are usually taken in this region. Middle panel:
Correlation between averaged ozone soundings and MOZAIC aircraft observations for each
region (as shown in the right panel) using available observations between 1995 and 2009.
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Fig. 6. Time evolution of from soundings for different pressure levels for different seasons
(DJF and JJA) and regions. Different colors indicate different altitude levels. Symbols show
the median; error bars show the half-width of the distribution (the range of the 25th and 75th
percentile). The number of soundings entering each median value each season and year is at
least 12. In addition to the regions shown in Fig. 1, the Northern Hemisphere Tropics region is
included also.
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Fig. 7. As Fig. 6 but for additional pressure levels. Ozone values for the 100 hPa pressure
levels are multiplied by a factor of two for illustrative reasons. For the same region, this level is
not shown for the tropics.
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Fig. 8. Percent differences of annual median ozone mixing ratios between the periods 1990–
1999 and 2000–2009. Different seasons are illustrated in different colors. Differences that are
significant at the 95% level based on the Student’s t test are shown as plus signs. Minimum
values in the SH polar region exceed −50%.
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Fig. 9. Altitude distributions (median) of ozone soundings averaged for different seasons and
regions between 1995 and 2009. Different colors indicate different seasons. The total number
of profiles used for each season and region is shown on the top left of each panel. The stations
entering the profiles are noted in the lower right of each panel. The half-width of the distribution
(left) and the interannual variability (right) of each averaged profile are illustrated on two sub-
plots on the right of each panel. The half-width of the distribution is defined here as the range
of the 25th and 75th percentile of the annual ozone distribution (calculated as: (75th percentile
– 25th percentile)/2.) averaged over all the years. The interannual variability is defined as the
range of the 5th and 95th percentile of the annual median ozone value (calculated as: (95th
percentile – 5th percentile)/2.) for all seasons and regions.
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Fig. 10. As Fig. 9, but showing ozone profiles relative to the thermal tropopause (World
Meteorological Organization, 1957).
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Fig. 11. First to third row: Comparison of the seasonality of ozone mixing ratios at three
pressure levels and for four regions, one in high northern latitudes (left column) and three
in the NH mid-latitudes between the ozone climatology and HTAP model results. Monthly
averaged median values from the climatology are shown as solid black lines. The half-width
of the distribution is shown as error bars. Monthly averaged model results for one available
year (2001) were used to derive the multi-model mean and median (dashed and dashed-dotted
lines, respectively). The bias between the model mean and the multi-model mean and the
observational climatology is given at the right top corner of each panel, as well as the correlation
coefficient between the two distributions. Fourth and fifth row: comparison of vertical ozone
profiles for two seasons using ozone soundings and HTAP, corresponding to the regions of the
first three rows.
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Fig. 12. Same as Fig. 11, but for different pressure levels and only three regions using CCM-
Val2 model results. CCMVal2 monthly averages are calculated from 10 yr of 10-day instanta-
neous model output for each of the 15 models.
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Fig. 13. Top row: probability distribution function (PDF) of the regionally-aggregated ozone
distribution for West Europe (grey shaded area) in comparison to regionally-aggregated ozone
distributions from model results (different colors), for summer only. Bottom panel: Hellinger
distance between the climatological ozone distribution and each of the modeled distributions,
as shown for summer in the top panel, is plotted against the relative difference of the medians
of the two distributions. Different colors illustrate the Hellinger distance for different models,
different symbols illustrate different seasons: winter (asterisk), spring (square), summer (trian-
gle), and winter (diamond). Black small asterisks are values taken from Fig. 3, to illustrate the
variability of Hellinger distances within one region, based on observations. Distribution samples
are from the vertical regions 1–3 km below the TP (left), 1–3 km above the TP (middle) and in
3–5 km above the TP (right).
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Fig. 14. As Fig. 13, but for all regions considered and for 3–5 km above the TP.
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Fig. 15. Top row: probability distribution function (PDF) of ozone for the three stations within
Japan (different colors) for four seasons. The regionally-aggregated distribution is shown as
black thick lines. Middle row: Cumulative Distribution Functions (CDF) of ozone for the three
stations (thin lines) and for the regionally-aggregated distribution (average distribution of ozone
from all three stations (thick black line)) using variable bin sizes for the underlying PDF. Bot-
tom panel: Hellinger distance between different stations (different colors) and the regionally-
aggregated distribution plotted against the median differences of the two distributions. Distri-
bution samples are from data within 3–5 km above the TP.
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